Abstract Recent findings indicate that the role of Th17 cells in the pathogenesis of tissue inflammation and autoimmunity has become rather complicated. While interleukin-17 (IL-17) producing CD4 + T cells are found frequently within the peripheral target tissue during the course of autoimmune disease, these cells may contribute to or protect from inflammation. Accumulating reports have revealed the existence of both pathogenic and non-pathogenic Th17 cells. These Th17 subsets produce the signature cytokines IL-17A and IL-17F yet have distinct and divergent roles in inducing autoimmune tissue inflammation. Comparative genomic sequence analyses between the pathogenic and non-pathogenic Th17 cells have exposed unexpected and extensive population heterogeneity within the Th17 subset. Here we review some of the unexpected factors that may drive pathogenic divergence. Understanding the functional consequences of Th17 cell diversity may allow for the selection of more precise targets for intervention in autoimmune and inflammatory diseases.
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Heterogeneity of Th17 cells

CD4
+ T helper cells have evolved to provide host defense against invading pathogens with exquisite specificity (1, 2) . Functionally distinct CD4 + T cells can be derived when naïve T cells are activated in the presence of cytokines produced by the innate immune system (3). Initially, all effector CD4 + T cells were thought to be a uniform population that mobilized to elicit an immune response. Then in 1986, Mossman and Coffman published a seminal article that conveyed the heterogeneity of the effector CD4 + T cells and characterized these T cells into distinct subsets, each defined by a unique master transcription factor and signature cytokines (4, 5) . The first two subsets were called T helper 1 (Th1) and T helper 2 (Th2). Classically Th1 cells are characterized by the production of the signature cytokine interferon γ (IFNγ) and are thought to regulate immunity to intracellular pathogens while Th2 cells are characterized by the production of interleukin (IL)-4, IL-5, and IL-13 and are thought to regulate immunity to extracellular pathogens like parasites (6, 7) . More recently, another T helper subset, called Th17 cells, defined by a distinct transcription factor, RAR-related orphan receptor gamma (RORγt), and by the secretion of IL-17, was discovered (8) . While these cells have been shown to be important for host defense against opportunistic pathogenic fungal infections, such as candida albicans, numerous studies have implicated this subset in pathological autoimmune inflammation and tissue destruction (9) (10) (11) (12) . As such, there has been an intense interest in characterizing the function of Th17 cells to develop potential strategies to inhibit their deleterious effects.
Naive T cells differentiate into Th17 cells when activated in the presence of TGF-β and IL-6 (13) . Upon induction of the master transcription factor, RORγt, the cells produce the Th17 signature cytokines IL-17A/F as well as IL-21 (8) . The production of IL-21 is significant in that it acts as a feed forward amplification factor to induce expansion of differentiating Th17 cells and it also elicits the expression of IL-23R on the Th17 cells (14, 15) . It is upon exposure to IL-23 that Th17 cells have been shown to stabilize their phenotype and also to produce another pro-inflammatory cytokine, IL-22 (16) . This unique capacity to express IL-23R by the Th17 cells has been shown to be one of the critical components that promote expansion and pathogenicity of these cells. Multiple studies in mice and humans have revealed a central role for IL-23 in the development of autoimmune disease (17) (18) (19) (20) (21) (22) . In fact, there is a strong genetic linkage to the IL-23/IL-23R loci in the development of Th17-associated diseases, which include rheumatoid arthritis, psoriasis, insulin dependent diabetes mellitus, inflammatory bowel disease, and multiple sclerosis (MS) (23) (24) (25) (26) . However, there is growing evidence that not all Th17 cells are pathogenic and that in some autoimmune inflammatory conditions, IL-17 producing Th17 cells may, in fact, be protective (27, 28) .
Perhaps the strongest evidence for the protective role of Th17 cells has been in studies in inflammatory bowel diseases (IBD) (27, 29) . In mice, T cell mediated colitis is severely exacerbated when CD4 + T cells lack the capacity to produce IL-17 or the mice can not respond to IL-17 due to IL-17R deficiency (28) . Additional studies in mice suggest that IL-22, another cytokine produced by Th17 cells, plays a role in maintaining tissue integrity at mucosal sites such as the intestine (30) (31) (32) . Th17 cells may also play a protective role in humans, as clinical trials of neutralizing antibodies targeting IL-17 in patients with Crohn's disease may have resulted in disease exacerbation (33) . These data suggest that Th17 cells may protect intestinal sites during inflammatory responses instead of propagating the disease.
In sharp contrast, in other Th17-associated autoimmune diseases, such as psoriasis, multiple sclerosis, and ankylosing spondylitis, IL-17 neutralization has been shown to ameliorate disease in both mouse models and humans (34) (35) (36) (37) (38) . This divergence in the therapeutic benefit of IL-17 neutralization is highly suggestive of the duality within the Th17 cells. In fact, any distinguishing factors that exist between the pathogenic and non-pathogenic Th17 cells are difficult to elucidate as both subsets produce the signature cytokines that define Th17 cells, namely IL-17A, IL-17F, and IL-21, and express RORγt, the master Th17 transcription factor (20, 22, 39) . This suggests that additional aspects of Th17 biology may be important in determining disease outcome, and that a comparative evaluation of genes expressed by Th17 cells beyond IL-17 may reveal the necessary components that drive pathogenicity.
Uncovering Key Regulatory Genes
While the key cytokines required for Th17 generation in vitro have been uncovered, much remains unknown regarding the extensive circuitry of genes that regulate the differentiation of Th17 cells (40) . In our recent study, we combined temporal transcriptional profiling at high density and transcriptional perturbations via a novel nanowire-based short interfering RNA (siRNA) delivery method, and were able to construct a dynamic transcriptional network of Th17 differentiation that included 1291 genes that were differentially, yet specifically, expressed during Th17 differentiation (41) . Within the differentially expressed genes, approximately 71 regulatory genes were discovered and validated by "knockdown" with siRNA. These novel regulators reveal that the Th17 differentiation program is a tightly regulated, self-reinforcing module, which is exquisitely balanced to sustain Th17 programing while suppressing other T helper subset lineages (41) . In fact, this dynamic process of Th17 differentiation revealed a bifurcation of the network circuit that can be characterized by two antagonistic modules: a module of 22 Th17 positive factors and a module of 5 negative factors. A perturbation in any one of these regulatory modules has the capacity to skew the delicate equilibrium (41) .
By clustering the genes based on distinct temporal profiles, we were able to discern that Th17 differentiation undergoes three discrete transcriptional phases, which can be summed up as: induction, amplification, and stabilization by IL-23 signaling (41) . However, what was perhaps most interesting from the transcriptional profiling was that as developing Th17 cells undergo a transition from the intermediate phase, marked by the induction of RORγt, to the late phase of development, these cells initiate expression of regulatory cytokines from the IL-10 family (such as IL-10 and IL-24) (41). The cells subsequently enter the late phase of development marked by the expression of Il23r, a gene that not only has been shown to stabilize the Th17 phenotype, but also has a strong genetic linkage to inflammation and autoimmune pathologies (24) . This may explain the emergence of a natural "switch" of Th17 cells from non-pathogenic to pathogenic Th17 cells as described by our group and others. In fact, it has been shown that two different types of human IL-17 producing cells may have evolved to coexist. One subtype produce both IL-17/IL-10 and are better at clearing bacterial infections such as Staphylococcus aureus, and another produce IL-17/IFN-γ but not IL-10 and are specific for fungi such as Candida albicans (22, 42) . The existence of these subtypes within the Th17 subset may rationalize the functional divergence of IL-17 producing cells in autoimmune diseases. The "non-pathogenic" Th17 population that produces IL-10 and IL-17 may play an important role in places such as the intestine to maintain gut homeostasis, limit invasion of the gut microbiome and promote epithelial barrier function by production of IL-17 and IL-22. On the other hand, "pathogenic" Th17 cells may be involved in inducing inflammatory responses to limit fungal infections by the production of IL-17 and IFN-γ, but also have the potential to induce devastating tissue inflammation in multiple Th17-associated autoimmune diseases. This heterogeneity in the Th17 population reveals the need for more precise genomic expression profiling, perhaps at a single cell level to measure the functional diversity within the Th17 lineage (20, 22, 28, 29, 39) .
Single Cell Transcriptomics to Uncover Bimodality
Pathogenic and non-pathogenic Th17 cells share the expression of many genes at the population level, including expression of signature genes and molecules associated with Th17 cells, such as IL-17A/F, RORγt, as well as IL-23R, albeit non-pathogenic Th17 cells express IL-23R at a lower level as compared to pathogenic Th17 cells (22) . In fact, only 233 genes are differentially expressed between these two populations of Th17 cells when analyzed with whole genome microarray (22) . However, this list is comprised only from in vitro differentiated Th17 cells and it is possible that in vivo generated Th17 cells may possess a very distinctive heterogeneous signature based on pathogenicity and tissue environments. A comparison of the gene profiles of in vitro and in vivo Th17 cells could allow generation of a comprehensive transcriptional network to delineate mechanisms that regulate pathogenic and non-pathogenic Th17 responses.
Single cell RNA sequencing has recently been recognized as a valuable tool that allows for profiling of heterogeneous population of cells. It can be used to perform accurate quantitative and qualitative transcriptomic measurements at the individual cell level and accurately profile interesting subpopulations from a larger heterogeneous population (43) (44) (45) (46) (47) . By utilizing this high throughput sequencing technology, it may be possible to reveal critical regulatory genes that may be essential in driving the bifurcation of the Th17 subset while providing in depth understanding of the complex regulatory network that drives pathogenicity. Facilitating the use of this single cell RNA sequencing technology is the recent discovery by our group and others that it is possible to generate both pathogenic and non-pathogenic Th17 cells in vitro (20, 22, 39) . By comparing in vitro IL-17 + cell single cell sequencing data from in vivo IL-17
+ cells sorted at the height of autoimmune inflammation from the target tissue, it may be possible to uncover the key regulatory genes that control pathogenic versus non-pathogenic phenotypes. Utilizing the single cell RNA sequencing will allow us to characterize expression variability on a genomic scale that was could not be distinguished at a population-level expression profiles alone.
Unexpected Targets of Pathogenicity
The IL-23R/IL-17 axis is a critical pro-inflammatory pathway that drives the development of pathogenic Th17 cells implicated in autoimmune diseases (18, 19, 21 ), yet how IL-23 signaling mediates pathogenic in Th17 cells is still poorly understood. From our temporal microarray analysis at 18 different time points during Th17 cell development under the influence of IL-23, our lab developed an extensive transcriptional network and protein-protein network that is downstream of the IL-23R (41) . Understanding the genes that are induced downstream of IL-23:IL-23R may be the key in figuring out potential strategies to inhibit progression of destructive inflammation, and to ameliorate autoimmune diseases that have a genetic risk factor associated with the IL-23R-Th17 pathway. Our analysis of IL-23R dependent nodal points revealed two genes of interest: TGF-β3 and serum glucocorticoid kinase 1 (SGK1) (22, 48) . Both SGK1 and TGF-β3 are specifically induced in Th17 cells and their expression is dependent on IL-23R signaling (22, 48) (Fig. 1) . SGK1 is salt-sensing and regulates absorption of salt by regulating expression of the Epithelial Sodium Channel (EcNaC). Interestingly, our lab has also shown that high concentrations of NaCl induce expression of SGK1 and promote specific differentiation into the Th17 lineage (48) . Exposure of human T cells to high salt concentrations also results in skewing of T cell differentiation to the Th17 lineage and increases expression of genes that have been associated with pathogenicity, including SGK1 (49) . Supporting studies have shown that the loss of SGK1 in mice prevents the development of experimental autoimmune encephalomyelitis (EAE), a Fig. 1 Schematic description of IL-23R-SGK1-Foxo1 axis during Th17 maintenance and its link to Tgfβ3 regulation. Sgk1 is induced by IL-23R signaling and is a substrate of PDK1 kinase a member of the IL-23R signaling pathway, which also includes Akt a kinase homologous to SGK1. IL-23R signaling transcriptionally induces SGK1 which in turn further induces IL-23R expression by inhibiting Foxo1. Deactivation by Sgk1 of Foxo1 and possibly also Foxo3, de-represses IL-23R transcription, and deactivates Foxo1 transcription. Foxo1 also induces its own transcription and promotes Foxp3-mediated Treg development by acting as a placeholder for Foxp3 for loading onto genomic sites for transcription. Tgfβ3, but not Tgfβ1/2 contains the Foxo1 and Foxo3 binding motifs in its promoter region, suggesting that TGF-β3 is specifically regulated by the Sgk1-Foxo axis. Edges represent interactions between molecules. "p": phosphorylation. "TR": transcriptional regulation murine model of multiple sclerosis (48) . In addition, differentiating Th17 cells endogenously produced TGF-β3 in an IL-23R dependent manner to induce highly pathogenic Th17 cells (22) . Uniquely, TGF-β3 is required for the development of pathogenic Th17 cells, but not non-pathogenic Th17 cells, thus identifying an important molecule that may allow us to target only pathogenic Th17 cells (22) . Interestingly, our network model also predicts that the IL-23R-SGK1 axis specifically controls the transcription of TGF-β3, but not TGF-β1, an essential cytokine for the generation of Foxp3 + T regulatory cells (Fig. 1) . However, it is unclear how SGK1 and TGF-β3 regulate the generation of pathogenic Th17 cells or whether specifically inhibiting both SGK1 and TGF-β3 can suppress the development of autoimmune diseases. In addition, further study is required to determine whether targeting SGK1 and/or TGF-β3 would have applicability in Th17-associated autoimmune diseases that do not respond to targeting of IL-17. An understanding of how specific nodes in the network of Th17 associated genes link to responses in each autoimmune or inflammatory disease would allow for selection of the right therapeutic strategy for the appropriate stage of disease pathogenesis.
Conclusion
Genome-wide association studies in humans have linked IL-23R and Th17 cells with susceptibility to psoriasis, psoriatic arthritis, rheumatoid arthritis, autoimmune thyroid disease, ankylosing spondylitis, and inflammatory bowel disease (23) (24) (25) (26) . There is a growing body of empirical evidence in mice that support these genetic linkages of Th17 cells to pathogenic inflammation (16, 17, 24, (50) (51) (52) . Inhibiting the function and differentiation of Th17 cells may provide the key to restraining autoimmunity. As proof of principle, we and others have shown that by the incorporation of a small molecule inhibitor of RORγt in murine T cells, can specifically disrupt the transcription of Th17 canonical genes while leaving other T cell lineages intact. (53, 54) Furthermore, these RORγt inhibitors can suppress the development of EAE, a murine model of multiple sclerosis (54) . However, we now have evidence that Th17 cells are a heterogeneous population and more precise targets within the Th17 paradigm may be required to specifically target pathogenic Th17 cells while leaving the non-pathogenic Th17 cells intact (20, 22, 28, 39) . By applying genomic profiling methods to single cells, we may be able to tease apart the key regulatory modules that govern pathogenicity in Th17 cells. The discovery of regulators of potential pathogenic Th17 cells will provide new targets for drug development and for therapeutic targeting of autoimmune diseases.
